The high-velocity impact response of gelatin and synthetic hydrogel samples is investigated using a laser-based microballistic platform for launching and imaging supersonic micro-particles. The micro-particles are monitored during impact and penetration into the gels using a high-speed multi-frame camera that can record up to 16 images with nanosecond time resolution. The trajectories are compared with a Poncelet model for particle penetration, demonstrating good agreement between experiments and the model for impact in gelatin. The model is further validated on a synthetic hydrogel and the applicability of the results is discussed. We find the strength resistance parameter in the Poncelet model to be two orders of magnitude higher than in macroscopic experiments at comparable impact velocities. The results open prospects for testing high-rate behavior of soft materials on the microscale and for guiding the design of drug delivery methods using accelerated microparticles. (Glassman et al., 2013) . Micro-particle penetration trajectories are
Introduction
The high-speed micro-impact response of soft tissues has direct implications in two fields, which at first sight may seem contradictory. On one hand, studying the high-rate mechanical behavior of tissues or tissue simulants can help in the understanding of ballistic and explosive-related injuries and lead to better forensic interpretation in cases that involve such injuries. For instance, small fragments originating from explosions can cause severe tissue damage injuries, characterized as secondary blast injuries. Among the ejected objects, microdebris, which typically travels at supersonic velocities, can cause serious injury as it can penetrate deep into tissue and is hard to detect using standard medical imaging methods (Centeno et al., 2014; Hill et al., 2001; Kane et al., 2009; Wolf and Bucknell, 2010) . On the other hand, in biolistics, microparticles launched at supersonic velocities are used as carriers to deliver therapeutic substances into cells and tissues Sanford et al., 1987) . In both fields, most studies have been based on post-mortem or ex-vivo analysis wherein the final penetration depth of the micro-particle is often the only quantity that is measured (Menezes et al., 2005; Mitchell, 2003) and the full impact history such as the dynamic extent of tissue damage and tissue recovery remains unknown. A capability to study impact dynamics in real time would be greatly beneficial for elucidating the mechanics of soft tissues under high velocity micro-particle impact. Such capability has now become available as a result of the development of the laser-induced particle impact test (LIPIT) platform, in which an intense short laser pulse is used to accelerate microparticles to supersonic velocities (Lee et al., 2012 (Lee et al., , 2014 Thevamaran et al., 2016; Xie et al., 2017) , and individual particle impact events are observed with a high-frame-rate camera (Hassani-Gangaraj et al., 2018 Veysset et al., 2017 Veysset et al., , 2016 .
In this work, we use the LIPIT platform to study the impact of microparticles on gelatin and synthetic hydrogel samples at velocities up to~1500 m/s. Gelatin has been widely used in ballistic studies as a mechanical simulant for soft biological tissues, including skin, muscle, brain, and other soft internal organs, depending on the gelation solid concentration (Ferry, 1948; Guha et al., 2010; Koene and Papy, 2011; Thali et al., 2002; Yoon et al., 2015) . In addition to being cheap and easily manufactured, gelatin is transparent, which enables the visualization of the micro-particle penetrations and the high-rate deformation of the gelatin samples. We also study microparticle impact on a proteinbased synthetic hydrogel that is of potential interest for injectable tissue engineering therapies (Olsen et al., 2010) and responsive hydrogels compared with a semi-empirical Poncelet model, which is found to describe the experimental data quite well.
Materials and methods

Sample preparation
Gelatin samples with three different concentrations (2.5, 5, and 10 wt%) were prepared following the standard method proposed by Jussila (2004) using gelatin powder from bovine and porcine bones (Honeywell, Inc.). After preparation, the gelatin samples were allowed to solidify for 24 h at room temperature and then for 24 h at + 4°C, for final solidification and conditioning. The preparation of PC 10 P protein hydrogels was performed according to published procedures (Olsen et al., 2010) . Briefly, the recombinant proteins were expressed in E.coli., purified by metal-affinity Ni-NTA chromatography, dialyzed against water and lyophilized. Protein powders were then dissolved in 100 mM phosphate buffer (pH 7.6) at a gel concentration of 10% (w/v) at 4°C overnight. The gel was mixed several times with a micro-spatula to ensure homogenous mixing, pressed into the mold, and left at 4°C for at least 4 h to allow self-healing. All batches were stored in a fridge at 4°C before tests and were taken out of the fridge to be immediately tested in a room at ambient temperature. Quasi-static rheological properties of the gelatin samples are available in the Supplementary Information. Rheological data for the PC 10 P samples are available in Olsen et al. (2010) . All tested specimens were 10-mm tall, 10-mm wide, and 2-mm thick.
Microparticle impact test
The laser-induced particle impact test (LIPIT) apparatus was initially designed by Lee et al. (2012) and recently expanded to allow for high-speed imaging of impact dynamics by Veysset et al. (2016) . An intense laser pulse (10-ns duration, 532-nm wavelength) is focused onto a launching assembly that consists of a glass substrate (210-μm thick), a gold film (60-nm thick), a polyurea film (30-μm thick), and silica spheres (7.38-μm diameter) deposited on top of the polyurea film. Upon laser ablation of the sacrificial gold layer, the polyurea film quickly expands and ejects the silica microparticles to high velocities into free space (see Fig. 1 ). By adjusting the laser energy from 0.30 to 20.0 mJ, silica particles were accelerated from~200 to~1500 m/s. The impact events were recorded using a 640-nm wavelength, 15μs-duration illumination laser (Cavilux, Specialised Imaging) and a high-frame-rate camera (SIMX16, Specialised Imaging). The camera can record 16-frame videos with adjustable exposure durations and interframe times that can be as short as 3 ns. The acquisition trigger was set so that a few frames captured the incident particle before the impact in order to measure the impact velocity. The subsequent frames captured the particle penetration in the gel as illustrated in Fig. 2 , which shows a typical image sequence of an impact on a 10 wt% gelatin sample at a velocity of 1290 m/s ( ± 15 m/s) (see supplementary video S1 for fullfield view).
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.jmbbm.2018.06.016.
As can be observed on the third frame of Fig. 2 , for an impact at 1290 m/s, a splash forms as the particle hits the surface. Subsequently, the particle penetrates in the sample opening a large air cavity in its wake. Such cavity opening has been frequently observed for high-velocity impacts on viscoelastic materials (Akers and Belmonte, 2006; Liu et al., 2012; Mrozek et al., 2015) and more traditionally in water entry problems (Truscott et al., 2014) . After slowing down, the particle reaches its maximum penetration, P Max , approximately 200 ns (corresponding to 4 frames) after impact. Finally, the particle is pulled back upwards to reach its final position, or residual penetration P Res , as evidenced by an image that was taken about 10 s after impact. The residual penetration, while not being the focus of this investigation as it occurs on much longer timescales, is of interest as the backward motion of deeply penetrating particles is not yet fully understood (Akers and Belmonte, 2006) .
Particle trajectories as well as maximum and residual penetrations were extracted from image sequences such that shown as in Fig. 2 for velocities ranging from~200 m/s to~1500 m/s. More details regarding the launching assembly preparation, the optical setup, and the image analysis can be found in Veysset (2016) and Veysset et al. (2016) .
Poncelet model for particle penetration
As a particle penetrates into a sample, it is subjected to a variety of forces including inertial, viscous, capillary, gravitational, elastic, and strength terms. To determine the relative contributions of these terms one can evaluate the dimensionless parameters that are the Reynolds number Re (inertia vs. viscosity), the Weber number We (inertia vs. capillarity), the Froude number Fr (inertia vs. gravity), and the elastic Froude number Fe (inertia vs. elasticity) (Akers and Belmonte, 2006; Katsuragi, 2016) . These parameters also define the studied impact regime. These quantities are defined as
, where ρ s is the density of the fluid (sample), v is the velocity of the object relative to the medium, L is the characteristic dimension of the object, μ is the dynamic viscosity of the fluid, σ is the fluid surface tension, g is the standard gravity, Δρ is the difference in density between the particle and the fluid, and G is the instantaneous shear storage modulus of the fluid.
Here, under our conditions with ρ s~1 000 kg/m 3 , v~1000 m/s, L~10 µm, μ~10 −2 Pa s for gelatin (Liu et al., 2012) , σ~10 −2 N/m (Johnston and Peard, 1925) , g~10 m/s 2 , Δρ~850 kg/m 3 , and G~10 6 Pa (Swain et al., 2014) , we have Re~10 3 , We~10 6 , Fr~10 10 , and Fe~10 3 . In the present high Weber, high Froude, and high elastic Froude numbers regime, the force, F, that is experienced by the particle can be expressed as a polynomial of the velocity v:
where B 2 and B 0 represent the inertial drag and the strength resistance term, respectively. These equation is known as the Poncelet equation (Allen et al., 1957) . The inertial drag can be expressed as
where C D is the drag coefficient, ρ s is the density of the sample, A is cross-sectional area of the particle and v is the particle velocity. C D depends on the particle shape and the Reynolds number (Schlichting and Gersten, 2017) . Under the present flow conditions (Re~10 3 ), the coefficient of drag for a sphere is equal to 0.4 (Schlichting and Gersten, 2017) . We consider this value for C D to be constant under our experimental conditions. The validity of this assumption is discussed later in the text. The resistance term B 0 can be expressed as
where R is the strength resistance (Akers and Belmonte, 2006; Dehn, 1987 ). An explicit time-dependent solution to the Poncelet equation is given by Segletes (2008) :
where z(t) is the particle coordinate in the target as a function of time and t f is the final time at which the particle is stopped upon reaching the maximum penetration distance.
where m is the mass of the particle and where v 0 is the impact velocity. We define the maximum penetration depth, P Max , to be equal to the maximum coordinate z(t f ) to which we add half a particle diameter in order to account for the particle 'nose' contribution. Hence,
Material properties used in the Poncelet model are listed in Table 1 .
Results and discussion
3.1. Impact on gelatin
The particle trajectory was extracted from the image sequence in Fig. 2 and is shown in Fig. 3(a) . A series of impacts was performed with varying particle velocity from~200 m/s to~1500 m/s and the normalized maximum and residual penetrations, P Max /d and P Res /d respectively, are reported in Fig. 3(b) . For each gelatin specimen, multiple impacts were performed on the specimen as the sample dimensions were large compared to the particle size and the volume of sample affected by impact. Between each laser shot, the target sample was moved laterally by at least 400 µm to an intact area. When the edge of the sample was reached, another sample from the gelatin batch was cut and placed as new target. To limit gelatin dehydration, specimens were replaced every 10 min. In the event where multiple particles were accelerated at the same time (from the same laser shot) toward the target, we only selected and analyzed impacts that would be at least 40 µm away from adjacent impacts. No significant difference in penetration results was observed for gelatin specimen coming from different batches following the same sample preparation procedure. Despite data scattering from shot to shot, there is a clear trend, i.e., an impact at higher velocity resulted in deeper penetration, as expected. The maximum penetration data was fitted using the Poncelet solution for the maximum penetration Eq. (6) with the resistance R as the only fitting parameter, which was in turn used to calculate the complete particle trajectory using Eq. (4) for the particular impact shown in Fig. 2 . This trajectory is shown in Fig. 3(a) (solid line) and agrees well with the experimental data. Thus, the deceleration and the time to maximum penetration t f can be accurately predicted using the Poncelet model. In addition, because the inertial term is predominant at high velocity, the good agreement between the experiment and the model in the early stage of penetration validates our choice for C D = 0.4 (see Eq. (2)). Further discussion on the choice for C D can be found in the Supplementary Information.
Similar impact tests were conducted on 5 wt% and 2.5 wt% gelatin samples. Likewise, the resistance parameter was extracted for both concentrations after fitting the experimental results with the Poncelet model (see Fig. 4 ). Even though we cannot draw a direct correlation between the resistance and the yield strength, one would expect that a higher strength would lead to a higher resistance and here, indeed, the resistance increases as the water content decreases (Fig. 4c ). We also note, that R = 21 MPa for 10 wt% gelatin is comparable to high strain rate (2000-3000 s −1 ) strength measurements of 10 wt% gelatin by Kwan and Subhash, which were on the order of 2-6 MPa and increased with strain rate (Kwon and Subhash, 2010) . In a comparable study, Fig. 2 . Multi-frame sequence showing a high-velocity impact on 10 wt% gelatin at 1290 m/s. The particle hits the sample surface 100 ns after the first frame is acquired. A small splash forms and develops upwards. The maximum penetration is reached within 200-250 ns after impact. The white dashed line illustrates the position of the particle versus time. An image taken a few seconds after the impact events shows the residual penetration of the particle. The interframe time is shown at the top of the frames and the exposure time is 10 ns for all frames.
Table 1
Summary of particle and sample properties.
Silica sphere particle
Gelatin sample densities * PC 10 P sample density d = 7.38 µm ( ± 0.08 µm) 2.5 wt%: ρ s = 1000 kg/m 3 ρ s = 1020 kg/m 3 ρ p = 1850 kg/m 3 5 wt%: ρ s = 1010 kg/m 3 10 wt%: ρ s = 1030 kg/m 3 using a shock tube-based system for microparticle acceleration, Kendall analyzed penetration data in human skin in view of the Poncelet model and found a similar resistance value of the order of 10 7 Pa (Kendall, 2002) .
The reason for the scatter in the penetration data (shown for instance in Fig. 3(b) ) is unclear. The uncertainties in particle speed and maximum penetration depth for individual impacts are small compared to the data scatter. On possibility, we hypothesize, could be dehydration of the water-based gels resulting in local variation in the physical properties of the gels. In the present study, though, samples were replaced every 10 min in order to limit sample drying and our data does not suggest any correlation between the time of the experiment and the penetration depth.
Impact on synthetic hydrogel
The results presented above establish that the Poncelet model can describe the particle trajectory in gelatin, and perhaps predict the impact response of other soft materials in the same impact regime (high Reynolds, Weber, Froude, and elastic Froude numbers), where the penetration is governed by inertial and resistance effects. This predictive capability becomes particularly advantageous when dealing with novel materials that are often available in small quantities and/or are expensive to produce, which is not the case for gelatin. To verify this, we conducted impact experiments on a special type of engineered protein hydrogel, termed as PC 10 P (Olsen et al., 2010) , in order to demonstrate that, from few experiments, one could estimate the unknown parameter R and then predict the impact behavior of the same material under difference impact conditions, i.e, at a different speed and/or with a different particle.
For the PC 10 P sample, we assumed no a priori knowledge of the hydrogel mechanical properties apart from its density (~1020 kg/m 3 ). Fig. 5(a) shows an image sequence of an impact at 530 m/s ( ± 15 m/ s) using a silica sphere particle. The impact closely resembles what was observed with gelatin: a splash forms and the particle penetrates deeply in the sample opening a large air cavity behind. Fig. 5(b) shows an impact of a copper particle (12-μm diameter, purchased from Alfa Aesar) on the same sample at a similar velocity of 435 m/s ( ± 15 m/ s). Because the copper particle is about 5 times denser and 1.6 times larger than the silica particle, it penetrated much deeper into the sample and ultimately exited the imaging field of view (last frame of Fig. 5(b) ) with a maximum penetration depth exceeding 300 µm. We also note a larger splash following impact and the emergence of thin jets at cusp about 400-600 ns after impact. Only one experiment using the copper projectile was successful. Fig. 5(a) shows the penetration data obtained from a limited number of experiments on the PC 10 P specimen, from which a value of R = 2.4 MPa was fitted. Both particle trajectories were extracted from the image sequences and are shown in Fig. 6(b,c) . The fitted R parameter was then used to calculate the predicted trajectories of the silica and copper particle in the sample. The good agreement between the experimentally-measured trajectories and the predicted ones can be seen in Fig. 6(b,c) . We additionally plotted particle trajectories corresponding to ± 50% variations in R, which corresponds to the uncertainty on R obtained for the gelatin samples. Although we could not capture the ultimate stages of penetration for the copper particle Fig. 6(c) , the effects of resistance became visible after~1000 ns and the parameter R provides a good match with the observed deceleration. To observe the full penetration a field of view of about 1 mm would have been necessary. However, this would have reduced the resolution of the images making it difficult to locate the particle accurately.
These results suggest that the Poncelet model can reasonably predict particle impact at supersonic velocities not only at the macroscale, as previously demonstrated (Guzman et al., 2014; Segletes, 2008) , but also at the microscale. This can prove particularly useful when studying novel materials for which mechanical properties at high strain rates are mostly unknown.
It should finally be noted that in our study, both the drag coefficient C D and the resistance R were, as a first approximation, considered constant, and the model with fixed values of C D and R agrees well within the velocity range of this study. In reality, C D , which depends on the Reynolds number, changes with velocity (Schlichting and Gersten, 2017) . The velocity dependence on C D should therefore be included in the model to describe impacts over a wider range of Reynolds number (Segletes, 2008) . Likewise, the resistance R, which is related to the strength of the material, depends on the strain rate (Segletes, 2008) . We nevertheless note that our data do not show a variation in R over the range of studied velocities where the strain rate varies by a factor of 5. However, Liu et al. estimated the resistance of a 10 wt% gelatin sample for a mm-sized steel particle supersonic impact (also high Reynold, Weber, Froude, and elastic Froude numbers) to be of the order of 10 5 Pa for a characteristic strain rate of 10 6 s −1 whereas in the present case R is of the order of 10 7 Pa for a characteristic strain rate of 10 8 s −1 . Consequently, the values of R that we found in this study are only valid for a typical strain rate of 10 8 s −1 . Reciprocally, values for R obtained in macroscopic experiments cannot be used to predict microscopic impacts.
Conclusions
We have studied real-time microparticle impacts on gel samples using a laser-induced particle impact test platform. In addition to observing the entire particle trajectory, the present experimental method enables the direct in-situ visualization of material response at high Fig. 5 (a) using a silica particle. (c) Particle trajectory corresponding to the impact on PC 10 P shown in Fig. 5(b) using a copper particle. The trajectories are predicted using the Poncelet model (Eq. (4)) and using the R parameter obtained from the penetration data shown in (a) along with trajectories corresponding to R ± 50%. strain rate, including cavity dynamics, at previously unexplored spatiotemporal scales. The experimental method also allows the production of a large quantity of data using a minimum quantity of the sample material, which is particularly beneficial for the development of novel materials and the validation of predictive models. From impact image sequences, micro-particle trajectories were extracted and compared with a simple Poncelet model using a single fitting parameter, the resistance, which was evaluated for three gelatin concentrations. The Poncelet model was further tested on a synthetic hydrogel sample using silica and copper particles launched at similar impact velocities. The results suggest that the model can reasonably predict micro-particle penetration and serve as the first step towards more elaborate models for deformation of soft materials at high strain rates. We also find that the resistance values, as described in the Poncelet model, obtained under high-speed microscopic impacts differ by orders of magnitude compared to high-speed macroscopic impacts, justifying the need for such in-situ experiments. We envision that an enhanced prediction of tissue or tissue-simulant responses under impact will guide the development of micrometer-sized drug delivery carriers and help better assess the threat of micro-debris in explosive-related injuries.
